Hot +tips Guidance cues signal directly to microtubules by Kalil, Katherine & Dent, Erik W
Neuron, Vol. 42, 877–883, June 24, 2004, Copyright 2004 by Cell Press
Previews
have been identified in nonneuronal cells where theyHot TIPS: Guidance Cues
appear to regulate microtubule stability and, by bindingSignal Directly to Microtubules to actin filaments, may also mediate actin-microtubule
interactions. However, until now little was known about
their function in neurons.
The study by Van Vactor and colleagues (Lee et al.,
Plus end tracking proteins (TIPS) bind to microtu- 2004) elegantly combines two parallel approaches to
bules. Results reported by Lee et al. and Zhou et al. in identify a TIP protein that functions downstream of a
this issue of Neuron demonstrate that, via intracellular repellent axon guidance molecule. First, the authors
pathways signaling to TIPs, microtubules can be a used the power of Drosophila genetics to identify signal-
direct target of guidance cues in steering growth ing molecules that might coordinate dynamics of actin
cones and regulating axon elongation. and microtubules. One likely candidate is the Abelson
(Abl) protein tyrosine kinase, which plays a key role in
axon guidance, acts downstream of the repellent axonGrowth cones are the motile tips of growing axons. In
guidance molecule Slit, and is known to interact withresponse to environmental cues signaling through cell
effector proteins that regulate actin assembly (Laniersurface receptors (Dickson, 2002; Huber et al., 2003),
and Gertler, 2000). The authors identified Orbit/MASTgrowth cones constantly change their behaviors. By ad-
as a protein that appeared to cooperate with Abl in thevancing, pausing, retracting, and turning, growth cones
retina. However, to confirm that these proteins cooper-navigate to reach their synaptic targets. Ultimately,
ate during axon guidance in the Drosophila CNS, thegrowth cone motility and behavior depend on the dy-
authors then carried out careful genetic experiments.namic reorganization of the cytoskeleton (Dent and
At the CNS midline, axon crossing is regulated by theGertler, 2003), which also underlies changes in directed
repellent effects of Slit, which acts through the Robomovement of other motile cells. However, identifying the
receptor family. The authors found that in orbit/MASTcomplex signaling pathways linking cell surface recep-
mutants, ectopic midline crossing was similar to that intors to the cytoskeleton has proven to be a daunting
Abl zygotic mutants. Further experiments showed thattask, and as yet, no complete picture of any such path-
Abl and Orbit/MAST also cooperate during axon guid-way exists.
ance in the peripheral nervous system. Abl is necessaryThe two key cytoskeletal elements driving growth
for motor axon pathfinding such that overexpression ofcone behaviors are actin filaments and microtubules.
Abl causes a motor neuron growth cone (ISNb) to bypassFluorescent labeling of fixed growth cones has revealed
its muscle target, whereas in Abl loss-of-function mu-an organization in which actin filaments predominate in
tants, the growth cone stops short and innervates thethe periphery, whereas microtubules occupy the central
wrong muscle. In orbit/MAST loss-of-function mutants,
regions. Actin filaments and microtubules are highly dy-
similar growth cone arrest occurred, which was en-
namic. Not only do individual filaments grow and shrink,
hanced in double mutants of orbit/MAST and Abl. In
but their organization can change within minutes. Given an analysis of the ISNb bypass phenotype, the bypass
actin’s peripheral location and its role in cell motility frequency dropped dramatically when Abl was overex-
(Pollard and Borisy, 2003), it is not surprising that analy- pressed in orbit/MAST homozygotes. Abl and Orbit/
sis of signaling pathways has focused on actin cytoskel- MAST were also shown to cooperate in the Slit/Robo
etal responses. Accordingly, changes in the organiza- repellent pathway. Thus, Lee et al., using genetic assays
tion of microtubules were assumed to occur secondarily in vivo, established that Orbit/MAST mediates the action
as a consequence of formation and disassembly of actin of Slit by acting downstream of Abl.
filaments. However, recent studies of cytoskeletal dy- But what is orbit/MAST doing in growth cones to regu-
namics observed in living growth cones revealed that late midline repulsion in response to Slit ? The protein is
microtubules do not remain passively bundled in the expressed in the Drosophila CNS neuropil and in axonal
growth cone center. Rather, some can actively explore growth cones, but these are too small for high-resolution
the lamellipodia and even penetrate into filopodia (Dent imaging. The story might well have ended here, but Lee
and Kalil, 2001; Schaefer et al., 2002; Zhou et al., 2002). et al. took a big additional step. They used a vertebrate
Microtubule extension along actin filaments suggested ortholog of Orbit/MAST, known as CLASP, to study the
the importance of actin-microtubule interactions known dynamic function of thisTIP protein in Xenopus spinal
to occur in other cells (Rodriguez et al., 2003). Recently motor growth cones, which are larger and thus amena-
it was shown that attractive growth cone turning can be ble to live cell imaging. By expressing a GFP-CLASP
initiated by localized microtubule stabilization in concert fusion protein in Xenopus embryos, Lee et al. were able
with actin dynamics (Buck and Zheng, 2002). Now two to visualize CLASP binding to the tips of microtubules
studies in this issue of Neuron (Lee et al., 2004; Zhou in growth cones. CLASP moved toward the leading edge
et al., 2004) show that microtubules themselves can be of the growth cone at rates similar to microtubule growth
a direct target of guidance cues in steering growth cones rates. Interestingly, CLASP was observed on a dynamic
and regulating axon elongation (Figure 1). Both studies subset of microtubules that extended along actin fila-
address the role of plus end tracking proteins that bind ments and probed the leading edge of the growth cone.
Thus, these observations suggested that CLASP wasto microtubules. Families of such proteins (called TIPS)
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et al., 2004), also provides compelling evidence for the
importance of microtubule plus end binding proteins.
Here, the authors set out to investigate the mechanisms
whereby local neurotrophin signaling regulates the cy-
toskeleton to promote axon growth. Using pharmaco-
logical and immunocytochemical assays of embryonic
mouse dorsal root ganglion (DRG) neurons, Zhou et al.
tested the role of the signaling components PI3K (phos-
phatidylinositol 3-kinase) and GSK-3 (glycogen syn-
thase kinase 3) in the pathway from nerve growth factor
(NGF) to the cytoskeleton. NGF is known to be required
for axon outgrowth from DRG neurons, and the two
kinases have been identified in previous studies as me-
diators of NGF action. A possible cytoskeletal target of
NGF via these kinases is adenomatous polyposis coli
(APC), a protein that in nonneuronal cells binds to the
plus ends of microtubules and stabilizes them and is
known to interact with microtubules to regulate cell mi-
gration. Although APC is present in the nervous system,
it is not known whether it plays a similar role in axon elon-
Figure 1. Two Guidance Cues Signal to Microtubules in the gation.
Growth Cone Zhou et al. carried out a logical series of experiments
using clever cell transfection strategies with mutagen-
ized kinases in concert with immunostaining. This ap-spatially positioned to interact with Robo receptors after
proach revealed that PI3K activation is necessary foractivation by Slit. But does CLASP interact with microtu-
NGF-induced axon outgrowth, that PI3K regulates GSK-bules to induce growth cone repulsion? Evidence from
3, and that inactivation of this kinase is necessary fornonneuronal cells has suggested that CLASP stabilizes
NGF-induced axon elongation. Downstream of PI3K, in-microtubules. To address its function in growth cones,
tegrin linked kinase (ILK) was shown to regulate GSK-Lee et al. overexpressed GFP-CLASP in spinal cord neu-
3. What role does the PI3K-GSK-3 pathway play inrons. High but not low levels of the protein had a dra-
regulating microtubules in axon outgrowth? The authorsmatic effect on the growth cone microtubule array. Mi-
showed that inhibition of GSK-3 increased the level ofcrotubules typically form straight bundles in extending
microtubules in distal axons and interestingly promotedgrowth cones, but CLASP overexpression caused mi-
axon branching that requires microtubule assembly. Incrotubules to form prominent loops in the central region
the final series of experiments, Zhou et al. made thewith an absence of microtubules extending into the pe-
connection between this signaling pathway and APC,
riphery. Formation of microtubule loops was well corre-
the candidate regulator of microtubules in axonal growth
lated with the slowing of growth cone advance, consis-
cones. They first showed striking images of intense APC
tent with observations of microtubule loops in pausing
immunostaining in DRG growth cones where the protein
growth cones (reviewed in Kalil et al., 2000). This brings localized to the tips of individual microtubules. In some
the story full circle to axon guidance in vivo where, in cases, these microtubules were tracking along actin fila-
response to repellent cues, growth cones often pause ments, suggesting the possibility that APC might play
in decision regions such as the midline in preparation a role in actin-microtubule interactions. Second, they
for changing direction. showed that blocking NGF reduced APC staining at axon
This two-pronged approach by Van Vactor and col- tips, a reduction that was prevented by GSK-3 inhibi-
leagues suggests a model in which the repellent effects tors. These results are consistent with the idea that,
of Slit on the growth cone are mediated by a microtu- when GSK-3 is inhibited, microtubule assembly is pro-
bule-associated protein that acts downstream of Abl to moted by increasing APC interactions with microtu-
stabilize microtubules and perhaps to coordinate actin- bules. Further experiments with various mutant forms
microtubule dynamics (Figure 1). For the immediate fu- of APC proteins confirmed the functional roles of APC
ture, it would be interesting to know whether Slit applied in NGF-induced axon outgrowth, and immunostaining
locally or as a gradient to Xenopus growth cones would of hippocampal growth cones suggested that the GSK-
actually repel growth cones by inhibiting microtubule 3-APC pathway plays an important role in axon out-
assembly or by stabilizing microtubules into loops. Such growth of other classes of neurons, particularly where
experiments could test the model in which gradients of rapid axon outgrowth is required.
Slit are proposed by Lee et al. to create asymmetrical This paper by Snider and colleagues provides con-
effects on the cytoskeleton by activating CLASP in se- vincing evidence that NGF promotes axon elongation
lective regions of the growth cone. It would also be through a novel signaling pathway that regulates micro-
interesting to determine whether knocking down the tubules by increasing their interactions with a microtu-
protein in growth cones would result in a phenotype bule plus end binding protein (Figure 1). Since this inter-
opposite to overexpression and thus speed up growth action is independent of actin filaments, we have still
cone advance. Further, biochemical experiments would more evidence that microtubules can be the direct target
be useful in showing how Abl activates CLASP. of extracellular signals. Having developed a battery of
constructs to signaling proteins, the authors are wellThe second paper, by Snider and colleagues (Zhou
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positioned to extend their immunocytochemical studies To Learn Better, Keep the HAT on
to live cell imaging. Microtubule polymerization is a
highly dynamic process, and the association of regula-
tory proteins such as APC to microtubules in various
states of assembly and stabilization would show more Long-lasting memories are known to require new tran-
clearly how the protein regulates microtubules. As the scription. Recent studies have highlighted a role for
authors suggest, guidance cues and their mediators epigenetic alterations, including histone acetylation,
may regulate local microtubule dynamics via APC. This in regulating gene expression. In this issue of Neuron,
would be an exciting avenue to pursue. For example, Alarco´n et al. and Korzus et al. use two different mouse
live cell imaging could reveal spatial changes in EGFP- models of Rubinstein-Taybi syndrome to elucidate a
APC in growth cones and their association with microtu- role for the histone acetyltransferase activity of CREB
bules that were growing or shrinking in response to binding protein (CBP) in long-term memory and plas-
application of various growth and guidance cues. ticity.
We are now just beginning to unravel the mysteries
of how extracellular cues modulate the cytoskeleton to One of the most remarkable features of long-term mem-
shape growth cone behaviors and regulate axon out- ory is its persistence. The finding that short-term memo-
growth. Now that microtubules have been identified as ries involve covalent modifications of proteins, whereas
leading players, more members of the TIPS family are long-term memories involve new RNA and protein syn-
certain to be identified and their functions studied in thesis, has focused attention on the possibility that
neurons. It is clear from both papers that a major un- these newly expressed genes serve to maintain the
solved problem is to understand exactly how and where memory. Epigenetic alterations, leading to chromatin
microtubules become stabilized, since asymmetrical remodeling, have recently been recognized to play a
changes in the cytoskeleton underlie growth cone guid- central role in the regulation of gene expression. Such
ance. In the future, live cell imaging will be required epigenetic mechanisms involve DNA methylation as well
to identify the role of candidate proteins in regulating as histone modifications, which include acetylation or
dynamic interactions between actin filaments and mi- methylation of conserved lysine residues at the amino-
crotubules in growing axons. terminal domains of histone tails. These modifications
alter chromatin structure and make specific regions of
the genome more or less accessible to the transcrip-
tional machinery. The histone modification machinery,Katherine Kalil1 and Erik W. Dent2
together with methyl-CpG binding proteins, also serves1Department of Anatomy
to interpret the state of DNA methylation by establishingUniversity of Wisconsin-Madison
inactive chromatin structures at heavily methylated DNAMadison, Wisconsin 53706
loci, leading to gene silencing. Disruption of epigenetic2 Department of Biology
mechanisms causes aberrant activation or silencing ofMassachusetts Institute of Technology
selective genes, resulting in “epigenetic diseases” suchCambridge, Massachusetts 02139
as ATR-X, Fragile X, ICF, Angelman, Rett, and Rubin-
stein-Taybi syndromes (Egger et al., 2004). Interestingly,
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